Cytochrome P450 1A2 (P450 1A2, CYP1A2) is a membrane-bound enzyme that oxidizes broad range of hydrophobic substrates. The structure and dynamics of both the catalytic and trans-membrane (TM) domains of this enzyme in the membrane/water environment were investigated using multiscale computational approach, including coarse-grained and all-atom molecular dynamics. Starting from the spontaneous self-self-assembly of the system containing the TM or soluble domain immersed in randomized dilauroyl phosphatidylcholine (DLPC)/water mixture into their respective membrane-bound forms, we reconstituted the membrane-bound structure of the full-length P450 1A2. This structure includes a TM helix spanning the membrane, while being connected to the catalytic domain by a short flexible loop. Furthermore, in this model, the upper part of the TM helix directly interacts with a conserved and highly hydrophobic N-terminal proline-rich segment of the catalytic domain; this segment and the FG loop are immersed in the membrane, whereas the remaining portion of the catalytic domain remained exposed to the aqueous solution. The shallow membrane immersion of the catalytic domain appears to induce a depression in the opposite intact layer of phospholipids, which may help in stabilizing the position of the TM helix directly beneath the catalytic domain. The partial immersion of the catalytic domain also allows for the enzyme substrates to enter the active site from either aqueous solution or phospholipid environments via several solvent-and membrane-facing tunnels in the full-length P450 1A2.
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Eukaryotic cytochromes P450 (P450) represent a large group of membrane-bound heme enzymes that are usually anchored in the cytosolic side of the endoplasmic reticulum. P450s play a key role in the oxidation of a broad spectrum of hydrophobic substrates, e.g. sterols, fatty acids, drugs, carcinogens and xenobiotics. 1, 2 Cytochrome P450 1A2 (P450 1A2) is the major enzyme of the cytochrome P450 family 1 that is constitutively expressed in the human liver. It preferentially oxidizes the planar polycyclic aromatic hydrocarbons and amines, including important drugs and xenobiotics. 3 The P450 1A2 substantially contributes to the activation of carcinogens in human liver. [4] [5] [6] [7] [8] [9] Activity of reticular P450s depends on a sequential transfer of two electrons, which are delivered via membrane-bound electron donors NADPH:P450 reductase and/or cytochrome b 5 . [10] [11] [12] [13] It is well known that the presence of phospholipid membrane is required for the activity of eukaryotic P450s 14, 15 as the membrane assists their efficient cooperation with the electron donors. 16 Furthermore, phospholipids exert stabilizing effects on the P450 protein itself, as their presence decreases content of an improperly folded form (P420). 15, 17 To elucidate the structural impact of the phospholipid membrane on a P450 at the atomic level we aimed to construct a full-length model of human P450 1A2 in the membrane/water environment, and compare it with the structure and dynamics of the truncated form in aqueous solution without presence of a membrane.
All-atom molecular dynamics is frequently employed to study dynamics and interactions of already structurally well characterized membrane proteins. [18] [19] [20] [21] [22] In contrast, the coarse-grained molecular dynamics (CG MD) simulations may be successfully used for selfassembly of various membrane proteins and peptides with the phospholipid membrane, [23] [24] [25] thus allowing to compensate for partial absence of structural information on the trans- [26] [27] [28] [29] P450s have been studied using MD simulations, 30, 31 but the vast majority of these studies was conducted in solution without including the TM domain or phospholipid bilayer.
Early studies of a membrane-bound cytochrome P450 2C9, involved (i) an experimentallyguided manual placement of the protein into the membrane, 32 or (ii) a microsecond coarsegrained molecular dynamics (CG MD) optimization in pre-assembled lipid membrane followed by ~30 ns classical MD. 33 Despite involving different prediction strategies and membrane phospholipids, the two approaches were in a rough agreement, showing viability of a membrane-anchored cytochrome P450 structure prediction. The latter approach, which is less dependent on additional information, was also applied to study other eukaryotic membrane-bound cytochromes P450, P450 51A1 34 or P450 3A4 35 . Relying on an all-atom MD and a novel 5-carbon palmitoyloleoyl phosphatidylcholine/1,1-dichloroethane membrane model, which allowed higher mobility of membrane proteins, Baylon et al. investigated membrane-bound P450 3A4. 36 We recently used combination of CG and all-atom techniques for prediction of cytochrome P450 1A2-cytochrome b 5 complex. 37 In this paper, we used multi-scale modeling techniques to propose structure of the fulllength human P450 1A2 in the phospholipid membrane. We performed the self-assembly and MD optimization of the membrane-bound enzyme and described changes of the membrane homogeneity near the membrane binding domain. We also paid special attention to the structural and dynamical description of the accessibility of the P450 1A2 active site. This is because active sites of some enzymes, including P450s, are buried deep inside a protein and communicate with their environment through a tunnel, which might serve as a gate that limits active site accessibility. Enzyme gates can control a substrate/product access, solvent accessibility, or synchronize processes taking place in distant parts of the protein.
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Investigation of protein gates is therefore important for understanding enzymatic catalysis; especially if a ligand trafficking limits the reaction rate.
Tunnel analysis have been performed on a broad range of structures of P450s. Possible routes were also examined using various MD methods (classical MD, REMD, or SMD) [39] [40] [41] [42] , however these studies were focused either on prokaryotic P450s or the truncated catalytic domains of eukaryotic P450s. The tunnels found in selected membrane-bound eukaryotic P450s were reviewed recently. 43 In general, because the orientation of individual enzymes in the membrane is experimentally unknown, the calculated tunnel assignment may be strongly affected by the assumptions and algorithms that were used to determine this orientation.
Here we rely on the simulated self-organization of the membrane-protein system to determine the protein orientation. We then focus on comparing opening probabilities of solvent-and membrane-facing tunnels between the membrane-bound and free hydrated P450 1A2 catalytic domain. We also describe the penetration of a membrane phospholipid into one of the membrane-facing tunnels. This analysis of the P450 tunnel dynamics could help in identifying the substrate access tunnel and elucidating the enzyme substrate preferences.
Methods
The CG model of the membrane-bound P450 1A2 was constructed by combining end points of CG MD self-assembly simulations of the catalytic and TM domains. This model was, upon the CG MD optimization, converted to the all-atom model, and the resulting full-length P450
1A2 was subjected to extensive all-atom MD simulations ( Figure 1 ).
General setup of CG and all-atom MD simulations
All CG MD simulations were performed using MARTINI force field 44, 45 implemented in NAMD v2.9 46 . MARTINI force field reduces the number of explicitly simulated particles per , it also takes into account experimental polar/apolar partition coefficients, however, unlike some more recent CG models 48, 49 , it has limitations especially in consistent treatment of the electrostatic interactions. MARTINI model is among the most frequently used CG models for biological membrane simulations.
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CG simulations were carried out for the NPT ensemble (310 K, 1 atm) under periodic boundary conditions. Temperature and pressure were held constant using Langevin dynamics (friction coefficient 1) and Langevin piston method implemented in NAMD. 46 Isotropic and semi-isotropic pressure coupling were used in the self-assembly simulation of the phospholipid bilayer and the simulation of the membrane-bound P450 1A2, respectively. The integration time step was 20 fs. Lennard-Jones and Coulombic interactions were shifted to zero between 9 and 12 Å, and 0 and 12 Å, respectively. Based on earlier cytochrome P450 implementation of the elastic network model 51 , we used 10.75 kcal/mol/Å 2 harmonic force constants to constrain distances between backbone beads that were in the corresponding crystal structure closer than 7 Å. These constraints allowed retaining the ternary structure of the catalytic P450 1A2 domain during CG MD simulations. Due to the absence of the heme parameters in the MARTINI force field the structural role of this cofactor was substituted in our CG simulations by the set of elastic network constraints, which helped to preserve the shape of the heme-binding cavity. During the CG to all-atom conversion, the heme cofactor was reinserted into this cavity. Thus, the structural effects of this cofactor were explicitly included in all all-atom MD simulations.
All-atom MD simulations were carried out in aqueous solution represented by the explicit TIP3P model. The NPT ensemble (310 K, 1 atm) and periodic boundary conditions were used. Temperature and pressure were held constant using Langevin dynamics (friction coefficient 1) and Langevin piston method implemented in program NAMD v2.9 46 . The simulation time step was 2 fs and cutoff for long-range nonbonding interactions was 12 Å.
For electrostatic (ES) interactions, we used the particle mesh Ewald method 52 implemented in NAMD. Bonds involving hydrogen atoms and TIP3P water were kept rigid using SHAKE algorithm. 53 All simulations were performed with the CHARMM27 force field 54 and its extension for lipids (CHARMM36 55 ). For further details on the simulation settings, see the system specific sections below. The simulated system consisted of a cubic box with a ~125 Å edge. This box contained the catalytic domain of human P450 1A2 (residues 34-513), which was immersed in 10346 water molecules and 500 randomly placed molecules of DLPC. DLPC and water molecules were randomized using program PACKMOL. 56 The initial all-atom coordinates for the P450 1A2 Self-assembly of the P450 1A2 TM domain/water/DLPC system ( Figure 1, step 2)
Self
The simulated system consisted of a cubic box with a ~105 Å edge. This box contained the TM domain of human P450 1A2 (residues M1-K41), which was immersed in 5149 water molecules and 350 randomly placed molecules of DLPC. DLPC and water molecules were randomized using program PACKMOL. 56 The initial all-atom coordinates were generated using PyMol. 44, 45 . NAMD v2.9 46 was used to minimize the system energy (1000 steps) and to run 16 independent 100 ns CG MD trajectories (replicas). Figure 1 ). The protein, except residues M1-G38, was fixed during SMD simulations and the BAS bead of the residue S6 was dragged in four lateral directions at a constant velocity (v = 10 Å/ns, 300 000 steps, distance = 60 Å, force constant = 100 kcal/mol/Å 2 ). These four alternative starting structures, which differed in the orientation of the TM domain with respect to the catalytic domain, were equilibrated using CG MD and their movement was followed by CG MD production phases on a microsecond timescale (Table S1 ).
Conversion of the CG-model to the all-atom model (Figure 1, step 5)
Prior to converting the CG model to its atomic coordinates, we identified the most representative conformation of the full-length P450 1A2 model. For this purpose, a set of seven geometric parameters, which relate rigid-body positions of protein domains and the membrane, was devised and measured every 1 ns. This set included ( Figure S1 ) the two distances from the center of the phospholipid bilayer to the center of mass of the catalytic (d 1 ) and TM (d 2 ) domains, angles α, β, and γ, between the axis perpendicular to the phospholipid bilayer (z-axis) and each of the three α-helix vectors (v 1 , v 2 , and v 3 ), and angles δ and ε that described mutual orientation of the two domains. Based on monitoring these parameters, the CG geometry of the full-length membrane-bound P450 1A2 converged within 2 µs ( Figure   S2 ) with the exception of angle δ that kept fluctuating by ~20°, indicating a higher mobility of the TM domain.
A CG MD snapshot that featured d1, d2, α, β, γ, δ, and ε values closest to the most populated values of these parameters ( Figure S3A ), was defined as a representative structure of the P450 1A2 CG model. This representative structure was then converted to its atomic representation using algorithm of Shih et al. 61 and CGTools integrated in VMD v1.9.1 58 . The 57 . This was done by aligning the crystallographic structures of P450 1A2 catalytic domain to the all-atom model of the membrane-bound P450 1A2 via backbone atoms of P450 1A2 (residues 34-513).
All-atom MD simulations of the P450 1A2 catalytic domain
The initial all-atom coordinates for P450 1A2 catalytic domain (PDB ID 2HI4) 57 were solvated using VMD v1.9.1 58 .
All water molecules present in the original PDB files were preserved. 18 K + and 29 Cl -ions were additionally uniformly distributed in aqueous solution to neutralize the simulated system and mimic 0.1M KCl solution. The system was equilibrated prior to the production run in several subsequent steps (Table S2 ). The equilibration phase was followed by five production simulations having a combined length of 1.15 µs.
All-atom MD simulations of the membrane-bound full-length P450 1A2
The all-atom membrane-bound P450 1A2 was solvated using VMD v1.9.1 58 , while retaining intra-protein crystallographic water molecules from the P450 1A2 catalytic domain structure. 57 141 K + and 153 Cl -ions were uniformly distributed in aqueous solution to neutralize the simulated system and mimic 0.1M KCl solution. The system was equilibrated prior to the production run in several subsequent steps (Table S3 ). The equilibrated structure of the membrane-bound P450 1A2 was used as a starting point for five independent production MD simulations (replicas) having a combined length of 1.34 µs. 
Binding free energy monitoring for the lipid chain insertion in the protein tunnel
The relative free energy of the lipid protruding into the membrane-bound P450 1A2 was estimated using the linear interaction energy (LIE) approximation 64 . LIE calculations were performed every 1 ps along the 420 ns all-atom MD trajectory 1m (Table S4) 
66,67
Results and Discussion
Self-organization of a protein/water/DLPC system includes a spontaneous insertion of the catalytic and TM domains of P450 1A2 into membrane.
While constructing the CG models we followed a strategy of minimizing "human made" decisions by relaying, whenever possible, on the ability of the studied complex systems to self-organize. In particular, to establish the orientation of the catalytic and TM 
TM domain of P450 1A2 associates with the proline-rich loop of the N-terminal segment of the catalytic domain
The P450 1A2 TM domain is covalently attached to the N-terminal end of the catalytic domain via a flexible linker (residues R34-P42), but experimental information about the tertiary structure of these domains is not available. Therefore, using a multiscale MD, we investigated the structure and dynamics of the full-length P450 1A2 in the DLPC phospholipid bilayer. Initially, representative structures of the individual TM and catalytic Notably, the proline-rich segment is more sequentially conserved than the TM helices of P450s.
All-atom structure and dynamics of the membrane-bound full-length P450 1A2
A representative CG structure of the full-length P450 1A2, the selection of which was based on average values of a set of geometrical parameters ( Figure S1 ), was converted to all-atom coordinates (step 5 in Figure 1 ). This system was further analyzed using five independent replicas of all-atom MD trajectories that reached the total simulation time of 1.34 µs and included explicit membrane and water environment. As a point of reference, free P450 catalytic domain was simulated in water environment. These unconstrained all-atom simulations can be expected to improve upon physico-chemical accuracy of the CG model.
During all-atom simulations, the two P450 1A2 domains retained their mutual orientation that was acquired previously in the CG simulations. The catalytic domain remained immersed in the membrane, mostly with its N-terminal segment and FG loop ( Figure 5A ). Most residues belonging to these segments were dipped in the polar head groups region of the membrane, but residues G47, W47, P49, L50, and L51 were buried deeper in the hydrophobic region of the membrane. The Q5-R32 segment of the TM helix was immersed in 15 the phospholipid bilayer, the charged residues E13, K29, R32, and R34 near the C-and Ntermini of the TM helix serving as its anchors in the polar head group membrane layer. The S18 residue, being buried deeply in the hydrophobic environment, was for most of the simulated time H-bonded to the main chain of the peptide linker or to main chain oxygen in the proline-rich N-terminal segment.
The N-terminal segment and FG loop of the catalytic domain fluctuated less in the membrane than in aqueous solution ( Figure S5) . Interestingly, the membrane-mediated attenuation of the conformational dynamics of the FG loop was propagated into ~20 Å distant segments of the catalytic domain (H and I helices, and HI loop) that are not in contact with the phospholipid bilayer ( Figure S5 ). The TM helix position showed ~3 Å lateral and vertical oscillations with respect to the catalytic domain ( Figure 5A ), while retaining its interactions with the proline-rich N-terminal segment of the catalytic domain (residues P43-G52). The polar peptide linker (residues R34-P42) connecting the catalytic and TM domains shows large flexibility ( Figure S5 ) and is positioned on the water-membrane interface.
The predicted tertiary fold of the catalytic domain of the full-length P450 1A2 is similar to the observed tertiary structure of the catalytic domain of lanosterol 14α-demethylase (P450 51A1) 68 ( Figure 5B and S6). In particular, despite having a low sequence identity (16%) ( Figure S6 ), both catalytic domains immerse shallowly into the membrane via their FG loops and N-terminal segments. The membrane-anchoring domain of P450 51A1
was predicted to consist of two helices. 68 The orientation of the second helix, relative to the catalytic domain and the phospholipid bilayer, is very similar and within the area sampled by P450 1A2 TM helix during our all-atom MD simulations. This enzyme also contains peptide which is structurally and sequentially related to the proline-rich segment of P450 1A2 ( Figure   S6 ). Our theoretical prediction together with experimental observations on analogous P450
51A1 strongly suggest that the TM domain of P450 1A2 is positioned below its catalytic The probe used here was methane-sized (1.9 Å), which represents the smallest cross-section radius the most trivial substrate of P450s can possess, and we believe that it is more relevant for actual substrates of P450s as it filters out tunnels that are not sufficiently large for organic molecules. At our simulation timescale, the maximal tunnel bottleneck of 2.4-2.7 Å is even larger than 1.9 Å Table 1 . The tunnels 2b, 2d, and 4 show the largest bottlenecks (2.7-2.8 Å)
and they have the highest potential to transport the organic substrates inside the P450 1A2 active site. Thus, comparative studies of the tunnel dynamics could help in elucidating mechanisms that contribute to substrate preferences of individual P450s.
Tunnel opening in P450 1A2 is modulated in the membrane presence
Membrane-facing tunnels of P450s were proposed to let in lipophilic substrates whereas solvent-facing tunnels are supposed to release soluble products. 30, 41, 74 The catalytic domain in our membrane-free and membrane-bound MD simulations undergoes a various degree of conformational rearrangements that open one or more membrane-facing or solvent-facing tunnels. During all-atom simulations of the P450 1A2 catalytic domain, we detected three solvent-facing tunnels (2c, s, and w) and two membrane-facing tunnels (2b and 4) ( Figure 7 and Table 1 ). Tunnel 2c was the most populated, being open in the membrane-free and membrane-bound simulations for 28 and 13% of the total simulation time, respectively. The high opening probability of this solvent-facing tunnel indicates its importance for fast product release as it likely poses a low energy barrier for release of hydroxylated products into the solvent. The opening of this tunnel is influenced by the dynamics of the entrance-lining structural elements (G and I helices, and BC loop). This tunnel is in the crystal structure of P450 1A2 57 blocked by the tunnel gating residues T118, D119. These residues show high flexibility in our MD simulations and also in the X-ray structure, the latter being measured by
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the observed thermal factors. Additionally, two solvent-facing (w and s) and two membranefacing tunnels (2b and 4) were detected. However, each of the membrane-facing tunnels opened very infrequently ( Table 1) .
The membrane environment induced significant opening of the membrane-facing tunnels, while it decreased opening probability of solvent-facing tunnels ( Table 1 ). The opening probability of solvent-facing tunnels 2c, s, and w decreased in membrane-bound P450 1A2 compared to the membrane-free simulations. That could be attributed to a larger structural rigidity of the entrance lining elements mentioned above. We also detected a new solvent-facing tunnel 2e passing through the BC loop, however it is open very infrequently.
On the other hand, the opening probability of membrane-facing tunnels 2b and 4 significantly increased in membrane-bound simulations. Two membrane-facing tunnels (2d a 5) were induced in P450 1A2 as a result of the membrane presence ( Table 1 ).
The five trajectories sampling dynamics of the membrane-free P450 1A2 catalytic domain differed in the presence/absence of up to two tunnels (Table S4) . However, the tunnel opening probability in one simulation of the membrane-bound P450 1A2 dramatically diverged, showing new membrane-facing tunnels with high opening probability (replica 1m in Table S4 ). After visual inspection of this trajectory, we noticed that substantial part of a DLPC molecule enters tunnel 2d.
Penetration of a membrane lipid into the catalytic domain induces opening of membrane-facing tunnels
A detailed analysis of the trajectory m1 revealed that a fatty acid chain of a DLPC molecule was spontaneously entering membrane-facing tunnel 2d in vicinity of the proline-rich Nterminal segment. Along the MD trajectory, we monitored the DLPC-heme cofactor distance, the relative binding free energy of the lauryl ester residue of the intruding DLPC and the In an effort to reproduce the spontaneous intrusion of a membrane lipid molecule into the full-length P450 1A2 we evaluated additional ten replica simulations of all-atom MD simulations (total length nearly 500 ns) at an elevated system temperature (333 K) to increase the sampling. The raised simulation temperature (in this case higher by 23 degrees than the physiological temperature) could destabilize the system. However, we detected only an increased mobility of the membrane phospholipids, while the ternary structure of the enzyme remained unaltered. The RMSD of the catalytic domain was at 333 K 2.51 ± 0.07 Å, which is only slightly more than 2.15 ± 0.05 Å observed at 310 K. During these simulations, we noticed two instances of a lipid molecule entering for a short time the tunnel 2d. In one of the replicas, a fatty acid chain of DLPC reached distance of 20.8 Å from the heme cofactor ( Figure S9 ) and in another replica, a DLPC molecule intruded into tunnel 2d up to distance of 21.7 Å from the heme iron (data not shown). Although these results should be considered with caution, they support our hypothesis that tunnel 2d is likely the place where a membraneassociated hydrophobic molecule can enter the P450 active site.
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The tunnel 2d was previously identified as a minor tunnel in two bacterial cytochromes P450 102A1 (P450BM3) and P450 158A2 and in 2 crystal structures where the eukaryotic cytochrome P450 2B4 was caught in the open conformation (2BDM and 1PO5). 39, 63 , but little attention was paid to this tunnel. We examined structures of these P450s
and found that the tunnel 2d is in the structure 2BDM occupied by a detergent molecule, 5-cyclohexyl-1-pentyl-beta-d-maltoside (CM5). The position of an aliphatic chain of CM5 is in this enzyme remarkably similar to that of the fatty acid chain of DLPC in P450 1A2 ( Figure   9 ). We also noticed that there are three other CM5 molecules co-crystalized with P450 2B4 in structure 2BDM; one is positioned in the tunnel w, another in the tunnel 2e entrance, and the last one is located in a pocket formed between helices G, H and I. Opening of several tunnels including the tunnel 2d was recently reported also for N-terminally truncated apo-form of P450 2C9 containing the warfarin ligand. 75 This opening was detected during an MD simulation that was carried out in absence of a phospholipid membrane using an extremely small probe radius (0.75 Å).
As we mentioned in the Introduction, the tunnel classification as membrane facing or solvent facing strongly relates to the estimated enzyme positioning with respect to the membrane; another disadvantage of the current nomenclature is that it does not distinguish the two physico-chemically different regions of the phospholipid membrane -the highly polar head-group region and the central lipophilic layer. In our P450 1A2 model, the membranefacing tunnels 2b, 4 and 5 are actually facing the polar head-group region of the membrane. It is only the tunnel 2d that in the present model exits directly into the hydrophobic membrane segment near the fatty acid residues of DLPC (see Figure 7 or interactive 3D model in the Figure S10 ). Thus, we believe that the observed spontaneous lipid intrusion into the tunnel 2d
could mimic a lipophilic substrate entering the active site from the phospholipid membrane.
For example, an arachidonic acid, which is hydroxylated by P4501A2 Arachidonic acid is longer and is not hindered by a polar head group region like DLPC.
Consequently, it could proceed through the whole tunnel 2d and reach the catalytic site of P450 1A2.
Membrane lipids are known to be essential for restoring activity of purified eukaryotic cytochromes P450. Here we observed significant opening of several membrane-facing tunnels induced by a DLPC molecule, therefore we can speculate on another role of phospholipids in stimulating the P450 activity. That is, phospholipids might selectively increase permeability of membrane-facing tunnels for hydrophobic substrates accumulated in the membrane
Conclusions
We constructed the model of membrane bound full-length P450 1A2 by a combined application of coarse-grained and all-atom molecular dynamic techniques. During this process, we were able to decrease the number of ad hoc structural decisions, which could potentially affect the final structure, by exploiting the self-organizational ability of the randomized water/lipid/protein solutions described by the MARTINI force field. The structure of the full-length P450 1A2 is very important for elucidating the structure of the complex between cytochrome P450 1A2 and other reticular proteins, e.g. cytochrome b 5 , that can modulate its catalytic function.
The resulting model shows two interesting structural features. First, the P450 1A2 TM helix was found to reside below the catalytic domain, directly interacting with its highly hydrophobic N-terminal proline-rich segment. This TM helix orientation is consistent with the crystallographically determined structure of the TM domain of the distant relative P450 51A1.
Second, the shallow membrane immersion of the catalytic domain induces a depression on the opposite side of the phospholipid bilayer beneath the catalytic domain. 
